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Mouse R-spondin3 (Rspo3) is a member of the R-spondin protein family, which is characterized by furin-like cysteine-rich domains and a
thrombospondin type 1 repeat. Rspo3 has been proposed to function as a secretory molecule that promotes the Wnt/β-catenin signaling pathway.
We generated mice bearing a mutant Rspo3 allele in which a lacZ-coding region replaced the coding region of the first exon. The homozygous
mutant mice died at about embryonic day 10, due to impaired formation of the labyrinthine layer of the placenta. Rspo3 was expressed in the
allantoic component of the labyrinth. In the homozygous mutant placentas, fetal blood vessels did not penetrate into the chorion, and expression of
Gcm1, encoding the transcription factor glial cells missing-1 (Gcm1), was dramatically reduced in the chorionic trophoblast cells. These findings
suggest a critical role for Rspo3 in the interaction between chorion and allantois in labyrinthine development.
© 2006 Elsevier Inc. All rights reserved.Keywords: R-spondin; Labyrinth; Placental development; Glial cells missing geneIntroduction
The placenta is a vital organ that is necessary for the survival
of mammalian embryos in the uterine environment. There are
three critical events in the development of the mouse placenta.
First, chorioallantoic fusion takes place on embryonic day (E)
8.5. This event is impaired in mutant mice defective in the genes
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doi:10.1016/j.ydbio.2006.08.018cule-1 (VCAM1) (Gurtner et al., 1995; Kwee et al., 1995), its
receptor α4 integrin (Yang et al., 1995), the DnaJ-related co-
chaperone, Mrj (Hunter et al., 1999) or the signaling molecules
Bmp5/7 (Solloway and Robertson, 1999) or Wnt7b (Parr et al.,
2001). Second, allantoic mesoderm and underlying fetal blood
vessels with chorionic trophoblast cells form simple branches
around E9.0. Chorioallantoic branching fails to initiate in mutant
mice defective in the gene encoding Gcm1 (Anson-Cartwright et
al., 2000; Schreiber et al., 2000), a transcription factor expressed
specifically in undifferentiated and differentiated chorionic
trophoblast cells in mice (Altshuller et al., 1996; Basyuk et al.,
1999; Hanaoka et al., 2004; Hosoya et al., 1995; Jones et al.,
1995; Kim et al., 1998; Reifegerste et al., 1999; Stecca et al.,
2002). Third, further chorioallantoic branching results in a
functional labyrinth with highly branched villi, which enable
effective exchange of gases, nutrients and waste products
between mother and fetus. Signaling molecules such as FGF,
EGF and HGF/Met are involved in extension of the villous
branching (Cross et al., 2003; Rossant and Cross, 2001).
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to the chorionic villi of the human placenta (Rossant and Cross,
2001). In addition, mouse and human placentas express com-
mon genes, including Mash2 (Alders et al., 1997; Janatpour
et al., 1999), Gcm1 (Janatpour et al., 1999; Nait-Oumesmar et
al., 2000), Hgf and Met (Somerset et al., 1998). Therefore,
the study of placental development in mice should improve
our understanding of related human diseases, such as missed
abortion, some types of intrauterine growth restriction (IUGR)
and preeclampsia.
The R-spondin protein family is conserved among verte-
brates and consists of the four related members R-spondin1–4
(Rspo1–4) (Chen et al., 2002; Kamata et al., 2004; Kazanskaya
et al., 2004; Kim et al., 2005, 2006; Nam et al., 2006). They
contain an N-terminal signal peptide, furin-like cysteine-rich
domains, a thrombospondin type 1 repeat and a C-terminal low
complexity region enrichedwith positively charged amino acids.
These proteins activate Wnt/β-catenin signaling, and Rspo2
promotes myogenesis via the Wnt/β-catenin signaling pathway
in Xenopus (Kazanskaya et al., 2004). R-spondin genes are
widely coexpressed with Wnt genes in many regions during
embryonic development, and R-spondin expression is positively
regulated byWnt signals (Kamata et al., 2004; Kazanskaya et al.,
2004). Furthermore, it was reported that secreted human Rspo1
promotes proliferation of intestinal epithelium through stabiliz-
ing of β-catenin (Kim et al., 2005). The activation of this
pathway by Rspo1 in vitro shows an additive, mildly synergistic
effect in combination with Wnt3A, although the activity by
Rspo1 is not completely blocked by the Wnt inhibitor,
Dickkopf-1. Mouse R-spondin proteins may also function as a
class of ligands unrelated to Wnt proteins and may exhibit
synergistic activity on Wnt ligands, possibly by direct physical
interaction, leading to downstream activation of β-catenin-
dependent genes (Nam et al., 2006).
In this study, we found that a targeted mutation in the Rspo3
allele, in which the coding region of the first exon was replaced
by a lacZ-coding region, resulted in embryonic lethality and
induced severe defects in the development of the labyrinth.
Chorioallantoic fusion occurred normally in the homozygous
mutant mice, but there was no penetration of the fetal blood
vessels into the chorion or chorioallantoic branching. Interest-
ingly, Gcm1 expression in the chorionic trophoblast cells was
significantly reduced, although Rspo3 was expressed in the
allantoic component of the labyrinth. Our findings indicate that
mouse Rspo3 is required for Gcm1 expression and is a critical
factor in mammalian placental development.Materials and methods
Construction of the targeting vector
The mouse Rspo3 cDNA was isolated from a mouse E12.5 cDNA library
(cloned in Lambda ZAP II vector) using the zebrafish rspo3 cDNA as a probe,
which was isolated as a gene downregulated by repression of Islet-3 function
using ordered differential display (Hirate et al., 2001). Genomic PAC clones
including the Rspo3 gene were obtained by screening an RPCI-22 129 mouse
PAC library (Roswell Park Cancer Institute, Buffalo, NY). The 4.3-kb 5′-
flanking fragment of the initiation codon and the 4.9-kb fragment of the firstintron were respectively inserted 5′ and 3′ to the nlslacZ (nls: nuclear
localization signal) and floxed PGKneo fragments in pnlslacZneo vector, so that
nlslacZ would be translated in frame (Fig. 1A).
Gene targeting and generation of Rspo3 mutant mice
The linearized construct was electroporated into E14 embryonic stem (ES)
cells which were then selected with G418. Selected ES cell clones were screened
by Southern hybridization with a 350-bp 5′ probe, which recognizes a 13.5-kb
fragment in the case of the wild-type allele and a 9-kb fragment in the case of the
targeted allele in genomic DNA digested with SpeI (Fig. 1B, left). Thirteen
clones among the 384 tested exhibited the pattern expected for homologous
recombination of one allele. Appropriate integration of the 3′ end of the
targeting construct was verified in the 13 positive clones using a 3.6-kb 3′ probe
on SpeI-digested ES cell DNA. This probe hybridized to an 8.5-kb fragment in
the targeted allele as opposed to a 13.5-kb fragment in the wild-type allele (Fig.
1B, right). Hybridization with a neo probe confirmed that only one integration
event had occurred (data not shown). Eight targeted ES cell lines were injected
into blastocysts to generate chimeras. Chimeric males from 2 independent
clones transmitted the targeted allele to their offspring. Homozygous mutant
embryos were generated by heterozygote intercrosses. No phenotypic differ-
ences were detected between mice derived from the 2 different ES cell lines.
Genotyping was routinely performed by PCR analysis using 3 primers, 5′-
AAGGGAAACATTACAGGGTTAC-3′, 5′-GGAGCTTGCTCACTGTCCC-3′
and 5′-CAGGAAGATCGCACTCCAGC-3′.
RT-PCR, transfection assays and Western blot analysis
For RT-PCR, total RNAwas extracted from E10.5 wild-type and homozygous
mutant embryos using theRNeasyMiniKit (Qiagen).Onemicrogramof total RNA
was subjected to reverse transcriptase-cDNA synthesis using the Superscript III
enzyme (Invitrogen) with Oligo(dT)20 primer. Each RT reaction mixture was then
subjected to PCR using the following cycling conditions: 94°C for 20 s, 60°C for
30 s, 72°C for 40 s, 25 cycles. The primers used for these reactions were the
following combinations: Exon 1/2, 5′-ATGCACTTGCGACTGATTTCTTG-3′
and 5′-CACGTTGCACAGCCTCCTT-3′; Exon 2/3, 5′-AAGTGGATATTACG-
GAACTCGATATCC-3′ and 5′-ATAGTATGATTGTTGGCTTCTAACCCTT-3′;
Exon 3/4, 5′-AAGGGTTAGAAGCCAACAATCATACTAT-3′ and 5′-AGGA-
TGCTGTAGTATATCTCGGACC-3′. The expression of GAPDH was also
examined as a control.
To generate the full-length Rspo3 and N-terminally truncated Rspo3 cDNA
expression vectors, the 5′- and 3′-ends of Rspo3 cDNA were modified by am-
plifying Rspo3 cDNA with the following primers: Rspo3/5′/full-length 5′-
CGGGATCCGCCGCCGCCATGCACTTGCGACTGATTTC-3′; Rspo3/5′/trun-
cated 5′-CGGGATCCGCCGCCGCCATGCATCCTAATGTCAGTC-3′; Rspo3
3′ 5′-CCTCTAGAGTGTACAGTGCTGACTGATACCG -3′. The amplified pro-
ducts were cloned into the pCS2 vector. A hemagglutinin (HA) epitope tag was
incorporated at the 3′ end of each cDNA. 293T cells were transfected with these
expression constructs (the full-lengthRspo3-HA (full-RS3),N-terminally truncated
Rspo3-HA (5′Δ-RS3), and pCS2-HA (vec.)) using FuGENE6 (Roche). The
medium was changed to serum-free medium after 24 h. After another 24 h, 1/14
of conditioned medium after condensation and 1/160 of cell lysate were used
for Western blot analysis with a monoclonal antibody to the HA epitope
(Sigma, HA-7) or α-tubulin (Sigma, DM 1A) as a control.
β-galactosidase staining, in situ hybridization, immunohistochemistry
and histology
Concepti were isolated at E8.0 to E12.5 from staged pregnancies (day 0.5
was defined as noon of the day in which a vaginal plug was detected). β-
galactosidase staining was performed according to Hogan et al. (1994). In situ
hybridization was performed according to Wilkinson (1992) with digoxigenin-
labeled riboprobes for Rspo3, Gcm1 (Anson-Cartwright et al., 2000) and Dlx3
(Morasso et al., 1999). Digoxigenin-labeled riboprobes were synthesized as
described previously (Inoue et al., 1994). Immunohistochemistry was performed
as described previously (Inoue et al., 1994) with rat anti-mouse PECAM-1 (BD
Pharmingen 1/50) or VCAM1 (Santa Cruz 1/500) monoclonal antibody. The
Fig. 1. Targeted disruption of Rspo3. (A) Restriction map of the Rspo3 gene, the targeting vector, and the predicted restriction map after the homologous
recombination event. The probes used and the predicted length of restriction fragments in the Southern blot analysis are shown. E, EcoRI; N, NcoI; S, SalI; Sp, SpeI.
(B) Southern blot analysis of genomic DNA digested with SpeI, using the 5′ probe (left) and 3′ probe (right). The positions of bands corresponding to the wild-type
allele (13.5 kb) and the targeted allele (9 kb or 8.5 kb) are indicated. (C) RT-PCR analysis of mRNA from E10.5 wild-type (+/+) and Rspo3 homozygous mutant (−/−)
embryos. (D) Transfection assays with either HA-tagged full-length or N-terminally truncated Rspo3 cDNAs (full-RS3 and 5′Δ-RS3, respectively), and vector (vec.)
as a negative control. Note that the truncated Rspo3 protein was not secreted. (E) β-galactosidase staining of the whole-mount heterozygous (Rspo3+/−) (upper) and
homozygous (Rspo3−/−) (lower) embryos at E10.5. Note that development of the homozygous mouse was delayed at E10.5.
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ABC kit (Vector). Histological analysis was performed according to standard
procedures.Results
Gene targeting of Rspo3
The Rspo3 mutant mice were generated as described above.
The targeting vector was constructed by replacing the openreading frame of the Rspo3 gene with the lacZ gene as a marker
for monitoring Rspo3 expression within the first exon, which
encodes the initiation codon (Fig. 1A). The resulting Rspo3 gene
lacks the endogenous initiation codon as well as the predicted
signal peptide sequence. Since Rspo3 consists of five coding
exons (Kim et al., 2006; Nam et al., 2006), RT-PCR was
performed with RNA from E10.5 wild-type and homozygous
mutant embryos to determine whether the Rspo3 mutant allele
produced transcripts containing the 3′ side of the Rspo3 gene.
We did not detect any products in the homozygous mutant RNA
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expected, because the sequence corresponding to the primer on
exon 1 was not present in the mutant allele. However, transcripts
were detected in the homozygous mutant RNA using primers on
exons 2 and 3 (Exon 2/3), and exons 3 and 4 (Exon 3/4) (Fig.
1C), although we did not check whether the transcripts were
derived from an alternative downstream promoter or whether
they were long products that included the lacZ-coding region.
Since R-spondin has been reported to function as a secretory
molecule (Kazanskaya et al., 2004; Kim et al., 2005, 2006; Nam
et al., 2006), we investigated whether N-terminally truncated
Rspo3 from the transcripts lacking exon 1 sequence of the Rspo3
cDNA could be secreted. 293T cells were transfected with either
a full-length Rspo3 expression construct or an N-terminally
truncated Rspo3 expression construct. Western blot analysis
using an antibody against the HA epitope did not detect any
truncated Rspo3 proteins in the conditioned medium, but they
were identified in the cell lysate (Fig. 1D). Therefore, although
the Rspo3 mutant allele produced transcripts containing the 3′
side of the Rspo3 gene, it is unlikely that a functional Rspo3
protein was secreted in the Rspo3 mutant mice. The hetero-
zygous mice developed normally (Fig. 1E, upper). The
homozygotes developed without any gross abnormality in
appearance until E9.5, but their development was subsequently
arrested from E10.5 (Fig. 1E, lower). The ratio of wild-type,
heterozygous and homozygous embryos conformed to the
Mendelian ratio until E11.5, but no homozygous mice were
born (Table 1).
Expression of Rspo3 in mouse embryo
We first analyzed the detailed expression patterns of Rspo3
mRNA in the wild-type mouse embryos using in situ hybrid-
ization, although it has been described briefly by another group
(Kazanskaya et al., 2004). At E9.5, Rspo3mRNAwas expressed
at the dorsal telencephalon (thick arrows in Figs. 2A, B). At
E10.5, expression was detected in the medial wall of the dorsal
telencephalon (thick arrows in Figs. 2C, E), which is a domain
surrounding the boundary between the telencephalon and the
diencephalon. Expression was also detected in the roof plate
throughout the entire neural tube caudal to the telencephalic
vesicles (triangles in Figs. 2C, D). Furthermore, Rspo3 mRNA
was expressed in the tail (thin arrows in Figs. 2A–C), somites
(S in Fig. 2C), otic vesicles (ov in Figs. 2C, H), cephalicTable 1
Genotype of offspring derived from intercrosses of Rspo3+/− mice
Age Genotype
Rspo3+/+ Rspo3+/− Rspo3−/− Unknown
E8 11 34 11 1
E8.5 4 11 5 0
E9.5 20 44 23 4
E10.5 20 48 24 a 6
E11.5 14 20 14a 1
Total 69 157 77
Live born 18 38 0
a Recovered embryos were smaller than littermates.mesoderm (open triangles in Fig. 2D), truncus arteriosus
(closed triangle in Fig. 2F) and atrioventricular canal (open
triangles in Figs. 2B, F) of the developing heart, pharyngeal
arches (thick arrows in Figs. 2G, H), medial nasal processes
(thin arrows in Fig. 2G) and forelimbs and hindlimbs (thin
arrows in Fig. 2H). In the forelimbs and hindlimbs, the Rspo3
mRNA expression changed very dynamically; at E10.5,
expression was observed in a stripe stretching along the
proximal–distal axis in the caudal domain (but not at the
caudal edge, thin arrows in Fig. 2H), whereas at E11.5, the
expression pattern assumed an arch-shape parallel to the apical
ectodermal ridge (thin arrows in Fig. 2I). Then, by E12.5, it
was restricted to the interdigital regions (thin arrows in Fig.
2J), which are later eliminated by apoptosis.
We next used β-galactosidase staining to investigate lacZ
expression in the Rspo3 heterozygous embryos. The pattern of
lacZ expression largely recapitulated the pattern of Rspo3
mRNA expression as determined by in situ hybridization.
Expression of lacZ was detected in a domain surrounding the
boundary between the telencephalon and the diencephalon
(thick arrows in Figs. 2K–M), roof plate (closed triangles in
Figs. 2K–M), tail (thin arrows in Figs. 2K, L), somites (S in Fig.
2L), otic vesicles (ov in Fig. 2L), cephalic mesoderm (open
triangle in Fig. 2L), truncus arteriosus (see Fig. 1E upper),
atrioventricular canal (data not shown) and developing vibrissa
(thick white arrow in Fig. 2M). There was a subtle discrepancy
between lacZ expression and Rspo3 mRNA expression; lacZ
expression was not seen in the pharyngeal arches and medial
nasal processes, and the expression in the limbs was different
from the Rspo3 mRNA expression pattern (white thin arrows in
Figs. 2L, M).
Expression of Rspo3 in mouse placenta
β-galactosidase staining and in situ hybridizationwere carried
out to examine the expression of Rspo3 in the placenta. Before
chorioallantoic fusion, lacZ expression was weakly detected in
the chorion (Fig. 3A) and barely detectable in the allantois (Fig.
3E). After fusion, lacZ expression was mainly detected in the
edge of the fusion interface between the chorion and the allantois
(Figs. 3B, F). The expression then expanded into the center of the
allantois at E9.5 (Figs. 3C, G). The expression in the allantois
was confirmed using a paraffin-embedded section counterstained
with eosin (Fig. 3K). At E10.5, the expression expanded further,
and was also detected in the allantois penetrating into the chorion
(Figs. 3D, H). β-galactosidase activity was not detected in the
yolk sac (data not shown) or in trophoblast lineages, such as
chorionic trophoblast cells (Figs. 3G, K). In the wild-type
placenta, lacZ expression was never detected (data not shown).
In the placenta, the distribution of Rspo3 mRNA expression
detected by in situ hybridization coincided with the lacZ
expression pattern (Figs. 3I, J, L).
Placental morphology of Rspo3 mutant mice
In the placenta of the homozygous mutant embryo,
chorioallantoic fusion occurred at E8.5 (Fig. 4A). VCAM1-
Fig. 2. Comparison of Rspo3 mRNA expression and lacZ expression. Expression of Rspo3 mRNA in the wild-type embryos at E9.5 (A, B), E10.5 (C–H), E11.5
(I) and E12.5 (J), and expression of lacZ in the heterozygous embryos at E9.5 (K), E11.5 (L) and E12.5 (M). Thick black arrows indicate the dorsal part of the
telencephalon (A, B), the pharyngeal arches (G, H) or a domain surrounding the boundary between the telencephalon and the diencephalon (C, E, K–M). Thin
black arrows indicate the tail (A–C, K, L) or the tips of the medial nasal processes (G). Open triangles indicate the atrioventricular canal of the developing heart
(B, F) or the cephalic mesoderm (D, H, L). Closed triangles indicate the roof plate (C, D, K–M), the truncus arteriosus of the developing heart (F) or the medial
nasal process (H). Thin black arrows in panels H–J indicate forelimbs and hindlimbs, and thin white arrows in panels L and M indicate forelimbs. The thick
white arrow in panel M indicates the developing vibrissa. A, atrium; D, diencephalon; FL, forelimb; HL, hindlimb; LN, lateral nasal process; MN, medial nasal
process; M, midbrain; ov, otic vesicles; S, somites; T, telencephalon; V, ventricle; 1st, first pharyngeal arch.
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chorion (Fig. 4B) at E9.5, as in the wild-type placenta (Fig.
4C). Chorioallantoic fusion therefore appeared to occur
normally. However, at E9.5, the branched morphology of the
labyrinth evident in the wild-type placenta (Fig. 5B) was not
visible in the homozygous mutant placenta (Fig. 5A). The
chorioallantoic interface remained flat until E11.5 (Fig. 5E
and data not shown), and reduction in the labyrinthine
thickness was observed in the homozygous mutant placenta
at E10.5 (Fig. 5E), when compared with the wild-type
placenta (Fig. 5H). Impairment of the chorioallantoicbranching was not simply caused by developmental retarda-
tion. In the labyrinth of the homozygous placenta, fetal
blood vessels with fetal blood cells did not lie adjacent to
the maternal blood sinus (Fig. 5C), in contrast to the
labyrinth of the wild-type placenta, where fetal blood vessels
and maternal blood sinus lay close together (Fig. 5F). Lack
of penetration of the fetal blood vessels was confirmed by
staining with anti-PECAM-1 antibody, an endothelial cell
marker (Fig. 5I). In contrast, in the wild-type placenta, anti-
PECAM-1 antibody staining showed that fetal blood vessels
penetrated into the chorion (Fig. 5J). Other trophoblast
Fig. 3. Expression of Rspo3 in placenta. (A–H, K) β-galactosidase staining of the heterozygous placentas at E8.0 (A, E), E8.5 (B, F), E9.5 (C, G, K) and E10.5 (D, H).
The upper and middle rows show top and lateral views, respectively. The specimen shown in panel G is a Vibratome section cut from that shown in panel C, and panel
K is a paraffin section counterstained with eosin cut from another specimen. At E8.0, chorioallantoic fusion has not occurred yet, so there is not an allantois in panel A
or a chorion in panel E. Note that β-galactosidase activity was gradually increased in the allantois. (I, J, L) In situ hybridization for Rspo3mRNA expression in whole-
mount wild-type placentas at E8.0 (I) and E8.5 (J), and a Vibratome section at E10.5 (L). Note that the Rspo3 mRNA expression pattern recapitulated the lacZ
expression pattern in the placenta. al, allantois; ch, chorion; epc, ectoplacental cone; la, labyrinthine layer; ps, primitive streak; ys, yolk sac. Scale bars: 100 μm.
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cells appeared normal (Fig. 5D), as in the wild-type placenta
(Fig. 5G).
Expression of chorionic trophoblast marker genes
Dlx3 and Gcm1 encode transcription factors and are
expressed in chorionic trophoblast cells. Embryos defective inFig. 4. Normal chorioallantoic fusion of Rspo3 mutant. (A) Chorioallantoic
fusion of the homozygous mutant placenta (Rspo3−/−) at E8.5. (B, C) VCAM1
staining of the central area of the homozygous mutant (Rspo3−/−) (B) and wild-
type (Rspo3+/+) (C) placentas at E9.5. al, allantois; ch, chorion; ps, primitive
streak. Scale bars: 100 μm in panel A and panels B, C.these genes die at the same stage as the Rspo3 mutant mice, and
display very similar phenotypes (Anson-Cartwright et al., 2000;
Morasso et al., 1999; Schreiber et al., 2000). We examined the
expression of these two transcription factors because it has been
proposed that a reciprocal interaction between allantoic
mesoderm and chorionic trophoblast regulates labyrinthine
development (Rossant and Cross, 2001). Before chorioallantoic
fusion, Gcm1 expression was detected in speckles in both the
homozygous placenta (Fig. 6A) and the wild-type placenta (Fig.
6F). However, Gcm1 expression was dramatically reduced at
E9.5 and E10.5 in the placentas of the homozygous mutants
(Figs. 6B, C) when compared with the wild-type placentas (Figs.
6G, H). At E10.5, in the homozygous placenta, the allantois was
frequently detached from the chorion (Figs. 6C, E). At E9.5,
although contact between the allantois and chorion was
apparently sustained, Gcm1 expression was already reduced
(Fig. 6B). In contrast, Dlx3 expression was not altered in the
homozygous placentas at E9.5 and E10.5 (Figs. 6D, E)
compared with the wild-type placentas (Figs. 6I, J).
Discussion
In this study, heterozygous Rspo3 mutant mice developed
normally, but homozygotes all died at about E10. No defects
were apparent in the homozygous embryos themselves, but they
showed severe defects in placental development. Although
chorioallantoic fusion occurred normally, the fetal blood vessels
did not penetrate into the chorion, and the branched morphology
Fig. 5. Effect of Rspo3mutation on placenta. (A–H) Hematoxylin/eosin-stained sections of the homozygous mutant (Rspo3−/−) (A, C, D, E) and wild-type (Rspo3+/+)
(B, F, G, H) placentas at E9.5 (A–D, F, G) and E10.5 (E, H). The regions outlined in panel A by the black and white boxed areas are shown at higher magnification in
panels C and D, respectively. Similarly, the black and white boxed areas in panel B are shown in panels F and G. In panels C and F, the arrows indicate maternal blood
cells and the arrowheads indicate fetal blood cells. The dotted lines in panels E and H indicate the borders of the labyrinthine layer with the allantois and the
spongiotrophoblast layer. (I, J) PECAM-1 staining for endothelial cells in the homozygous mutant (I) and wild-type (J) placentas at E9.5. The dotted line indicates a flat
chorionic plate in panel I and penetration of the fetal blood vessels into the chorion in panel J. al, allantois; ch, chorion; d, decidua; gi, trophoblast giant cells; la,
labyrinthine layer; sp, spongiotrophoblast layer. Scale bars: 50 μm in panels A, B; C, F; D, G; E, H and I, J.
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evident.
The phenotypes of the Dlx3- and Gcm1-deficient mice re-
semble that of the Rspo3 mutant mice (Anson-Cartwright et al.,
2000; Morasso et al., 1999; Schreiber et al., 2000). Both Dlx3
and Gcm1 are expressed in chorionic trophoblast cells in a
temporally and spatially overlapping pattern. However, espe-
cially during the early phases of labyrinthine formation, Dlx3 is
expressed in a larger number of trophoblast cells than Gcm1,and Dlx3 expression is maintained in the absence of Gcm1
(Schreiber et al., 2000). The Rspo3 mutant placentas showed
no change in the Dlx3 expression pattern when compared with
the wild-type placentas. In contrast, Gcm1 expression was
significantly reduced in the Rspo3 mutant placentas. Taken
together, these suggest that Rspo3 is involved specifically in the
regulation of Gcm1.
Reduction in the expression of Gcm1 is observed in mutant
mice defective in the gene encoding Mrj (Hunter et al., 1999).
Fig. 6. Expression of chorionic trophoblast markers. (A–J) Expression of chorionic trophoblast markers analyzed by in situ hybridization of whole-mount (A, F) and
Vibratome sections (B–E, G–J) of homozygous mutant (Rspo3−/−) (upper row) and wild-type (Rspo3+/+) (lower row) placentas at E8.0, E9.5 or E10.5, using Gcm1
and Dlx3 probes. Arrowheads in panels C and E indicate the border between the allantois and the chorion. Note that the allantois was frequently detached from the
chorion in the homozygous placenta at E10.5. Scale bars: 100 μm in panels A, F and B–E, G–J.
225M. Aoki et al. / Developmental Biology 301 (2007) 218–226The Mrj mutants show defective chorioallantoic fusion, indi-
cating that some signals from the allantois are necessary for the
maintenance of Gcm1 expression after fusion. The interaction
between VCAM1, which is restricted in the distal tip of the
allantois, and α4 integrin, on the basal surface of the chorion, is
one of the processes that mediate chorioallantoic fusion (Gurtner
et al., 1995; Kwee et al., 1995; Yang et al., 1995). In vitro explant
co-culture of the allantois with chorion showed that the
interaction between allantoic VCAM1 and chorionic α4 integrin
is necessary for induction of Gcm1 expression (Stecca et al.,
2002). Interestingly, chorioallantoic fusion occurred normally in
the Rspo3 mutant mice. However, Gcm1 expression was dra-
matically reduced.
Before chorioallantoic fusion, Gcm1 mRNA is weakly
detected in the small clusters of the chorionic trophoblast
cells, but Gcm1 protein is not observed (Stecca et al., 2002).
After fusion, both mRNA and protein are strongly expressed
in the fusion surface corresponding to the initial site of
branching (Anson-Cartwright et al., 2000; Stecca et al., 2002).
In the Rspo3 mutant placentas, Gcm1 mRNA expression
did not completely disappear before fusion, suggesting that
Rspo3 is mainly essential for the maintenance of Gcm1
expression.
Recently, a role was proposed for the R-spondin family as
secreted positive modulators of Wnt signaling (Kazanskaya
et al., 2004). Mutant mice defective in the gene encoding the
Wnt receptor, Frizzled5 (Fzd5) (Bhanot et al., 1996; Yang-
Snyder et al., 1996), show a similar phenotype in that the fetal
blood vessels do not penetrate deeper into the labyrinthine layer
(Ishikawa et al., 2001).Wnt2-deficient mice also show placental
defects. However, they display perinatal (rather than embryonic)
lethality, possibly due to functional redundancy with other Wnt
subtypes (Monkley et al., 1996). Fzd5 is expressed in the
labyrinth and Wnt2 is expressed in the allantois, and Wnt2 is a
candidate ligand of Fzd5 in the placenta (Ishikawa et al., 2001).
Rspo3 may be involved in allantoic signaling to the chorion, and
may function in association withWnt2-Fzd5 signaling, althoughit has not yet been confirmed whether Wnt2-Fzd5 signaling
regulates Gcm1 expression.
Finally, human GCM1 is expressed in the chorionic villi,
which correspond to the labyrinth in mice (Anson-Cartwright
et al., 2000; Baczyk et al., 2004; Nait-Oumesmar et al., 2000).
GCM1 may play a role in placental diseases such as IUGR,
since reduced branching of chorionic villi is associated with a
severe and early onset of this disease (Krebs et al., 1996).
Indeed, decreased placental GCM1 expression has been
observed in preeclampsia (Chen et al., 2004). IUGR and
preeclampsia complicate 5% to 10% of human pregnancies
and result in significant fetal or neonatal mortality and mor-
bidity (Anson-Cartwright et al., 2000). Human and mouse
Rspo3 have highly conserved amino acid sequences with 87%
identity, and human Rspo3 is strongly expressed in the pla-
centa (Chen et al., 2002). Therefore, an impairment of Rspo3
function may underlie the etiology of some human placental
diseases.
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